Abstract The chemokine CXCL12, through its receptor CXCR4, positively regulates angiogenesis by promoting endothelial cell (EC) migration and tube formation. However, the relevant downstream signaling pathways in EC have not been defined. Similarly, the upstream activators of mTORC2 signaling in EC are also poorly defined. Here, we demonstrate for the first time that CXCL12 regulation of angiogenesis requires mTORC2 but not mTORC1. We find that CXCR4 signaling activates mTORC2 as indicated by phosphorylation of serine 473 on Akt and does so through a G-protein-and PI3K-dependent pathway. Significantly, independent disruption of the mTOR complexes by drugs or multiple independent siRNAs reveals that mTORC2, but not mTORC1, is required for microvascular sprouting in a 3D in vitro angiogenesis model. Importantly, in a mouse model, both tumor angiogenesis and tumor volume are significantly reduced only when mTORC2 is inhibited. Finally, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), which is a key regulator of glycolytic flux, is required for microvascular sprouting in vitro, and its expression is reduced in vivo when mTORC2 is targeted. Taken together, these findings identify mTORC2 as a critical signaling nexus downstream of CXCL12/CXCR4 that represents a potential link between mTORC2, metabolic regulation, and angiogenesis.
Introduction
Angiogenesis occurs when new blood vessels sprout from existing vasculature and mature into an organized and functional circulatory system [1] . Physiological angiogenesis is stringently regulated and occurs transiently, while pathological angiogenesis, which occurs, for example, during chronic inflammation or tumor growth, results when positive and negative angiogenic regulators are disrupted [2] and can be persistent. The chemokine CXCL12 (also called SDF-1a) and its receptor CXCR4 are necessary for some, but not all types of angiogenesis [3] . CXCL12 promotes endothelial cell (EC) migration and tube formation and is a stromal cell typederived factor required for angiogenic sprouting [4, 5] . Activation of the CXCL12/CXCR4 signaling axis leads to chemotaxis, cell survival, and/or proliferation; however, the downstream signaling cascades are tissue-specific and not well characterized in EC [6] . Importantly, there is a growing interest in this pathway as a potential ''escape route'' for tumors that become resistant to anti-VEGF therapy [7] .
PI3K is a key downstream regulator of CXCR4-mediated chemotaxis in many cell types, which in turn activates divergent signaling pathways [6] . Mammalian target of rapamycin (mTOR) is an atypical serine/threonine protein kinase that exists in two distinct complexes named mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), and is a key player in PI3K-mediated signal transduction [8] . Both complexes contain the catalytic mTOR subunit, mLST8, DEPTOR, and the Tti1/Tel2 complex. mTORC1 is uniquely defined by the proteins raptor and PRAS40, while mTORC2 is identified by the proteins rictor, protor1/2, and mSin1 [8] . mTORC1 responds to growth factors and nutrients and phosphorylates the 4E-BPs and S6Ks [9] . The link between receptor activation and mTORC2 is poorly defined and has even been referred to as ''the black box [10] ,'' but it is clear that mTORC2 is responsible for the direct phosphorylation of Akt at S473, SGK1, and PKC-a [10, 11] . Both mTOR complexes have been identified as key regulators of cell migration and chemotaxis, but the precise role of each complex in these processes is not fully understood [11] .
Evidence for CXCL12 targeting mTOR has come mostly from studies in cancer cells. For example, CXCL12 activates mTOR in human gastric cancer cells, and the targeting of mTOR inhibits CXCR4-mediated cell migration [12, 13] . In EC, the CXCL12/CXCR4 signaling axis stimulates cell migration and angiogenesis through G-protein-mediated activation of Rac [14] . In cancer cells, a similar pathway leads to mTORC2 activation of Akt and subsequent cell migration [15, 16] . Together, these findings suggest a potential link between mTORC2 and angiogenic signaling downstream of CXCL12/CXCR4 in EC.
Materials and methods

Antibodies and inhibitors
The primary antibodies phospho-Akt (S473), phospho-S6RP (S240/244), mTOR, raptor, and rictor were all from Cell Signaling. Sin1 was from Millipore, Rheb from BioRad, and b-actin was from LI-COR. The anti-mouse-HRP secondary antibody was from Santa Cruz, and the antirabbit HRP secondary was from Abcam. The mouse anti-CD31 used for the in vivo studies was from Dianova.
The inhibitors PI-103, PIK-75, and TGX-221 were all from Cayman Chemical. Rapamycin and AMD3100 were from Selleck Chemical, and PP242 was from Chemdea. Pertussis toxin was a kind gift from the laboratory of Dr. David Fruman at UCI.
Cell culture conditions and transfection
Primary human umbilical vein endothelial cells (HUVEC) were isolated from umbilical cords obtained from local hospitals under the University of California, Irvine, Institutional Review Board approval and were cultured as previously described [4] . Normal human lung fibroblasts (NHLFs) were purchased from Lonza and cultured in M199 containing 10 % FBS. Human cardiac microvascular endothelial cells (HMVECs) were purchased from Lonza and maintained similarly to HUVEC. The BALB/c colon carcinoma cell line CT26.WT (ATCC) was cultured in RPMI (Life Technologies) supplemented with 10 % fetal bovine serum.
HUVEC were transfected with siRNA using Lipofectamine 2000 in Opti-MEM (Invitrogen). The sequences of the siRNA to human raptor and rictor (Thermo Scientific) are as follows: Raptor 5 0 GGGAGAAGCUGGAUUAUUUUU3 0 and Rictor 5 0 GGAAAUAAGGCGAGGUCUAUU3 0 . siRNA targeting Rheb and Sin1 was ON-TARGETplus siRNA from Thermo Scientific. A nontargeting scrambled control siRNA (Thermo Scientific) was used in all experiments to assess sequence independent effects of siRNA delivery. Transfection efficiency was determined by Western blot (see below).
Western blot analysis
Serum-starved HUVEC were stimulated and/or treated with inhibitors and lysed. Lysates were resolved by SDS-PAGE, and proteins were transferred to Immobilon-P membranes (Millipore). Membranes were blocked in 5 % BSA and then incubated overnight with the appropriate antibodies. Primary antibodies to immunoreactive bands were visualized using the appropriate horseradish peroxidase-conjugated antibodies. The Western blot quantification was performed using ImageJ densitometry software.
3D fibrin bead angiogenesis assay
The 3D in vitro angiogenesis assay was performed as previously described [17] . Briefly, HUVEC were coated onto Cytodex 3 microcarrier beads (Amersham) and embedded in a fibrin gel (MP Biomedicals). EGM-2 (Lonza) containing NHLFs was added to each well, and cultures were maintained for the desired number of days. For quantification, 30 beads were randomly selected in each condition and counted for each experiment. A sprout was only counted if it was at least as long as the diameter of the bead. We also assessed sprout length, but did not find significant differences in any of the conditions tested, and so this parameter is not reported.
3D collagen angiogenesis invasion assay
The 3D collagen invasion assay was performed as previously described [18] . Briefly, HUVEC were seeded on top of rat-tail collagen type I that contained SDF-1 a (400 ng/ mL) (Peprotech). HUVEC were cultured in serum-free M199 medium containing ITS ? 3 (Sigma-Aldrich), VEGF (R&D Systems), FGF-2 (R&D Systems), ascorbic acid (Fisher Scientific), and PMA (Calbiochem). For all experiments, each condition was plated with 4-5 replicates. ECs were allowed to undergo morphogenesis for 24 h. The gels were fixed and stained, and the number of invading cells was counted for each condition.
XTT assay
An XTT assay was performed to determine cell viability. ECs were seeded onto 96-well plates and were treated with vehicle control (DMSO), rapamycin (100 nM), or PP242 (600 nM). After 48 h, a standard dilution of EC, which is used to generate the standard curve, was plated onto the 96-well plate and allowed to settle for 3 h. The XTT compound (Sigma) was combined with PMS (N-methyl dibenzopyrazine methyl sulfate), the activation agent, and this was added to each well of the plate. The plate was incubated for 2 h at 37°C, and then, the OD was read at 450 nm on a PerkinElmer Victor 3 plate reader. Viability was determined by comparing the OD obtained from the treated samples to the standard curve. The values are expressed as the percent viability relative to the control.
In vivo angiogenesis model
All in vivo work was done in accordance with IACUC-approved procedures. Confluent CT26.WT cells were harvested using 0.5 % trypsin (Life Technologies), and resuspended at 1 9 10 7 cells/mL. The cells were mixed 1:1 with Matrigel (Corning) to a concentration of 59 10 6 cells/mL. Six-weekold BALB/c mice (Charles River) were shaven on the lower left back, just above the hind limb, and implanted subcutaneously with 100 uL of the Matrigel/cell mix, which contained 500,000 cells. The weight and tumor growth of the mice were monitored daily until the tumor size reached 150 mm 3 at which point the mice were sorted into treatment or control groups. Tumor volume was calculated by the formula [(L 9 W 2 )/2]. Control mice were given 200 lL of water as the vehicle by intraperitoneal injection. Experimental mice administered either a high or low dosage of rapamycin (1.5 mg/kg or 0.5 lg/ kg, respectively), delivered by intraperitoneal injection. Each group consisted of 7-8 mice. All mice were treated daily for 10 days. At the end of 10 days, the mice were euthanized and the tumors were harvested for protein or IHC analysis.
Immunohistochemical analysis
Tumors were paraffin-embedded and sectioned. ECs within the tumor sections were visualized by staining for CD31 ? cells. Using ImageJ, the total percent vascular density of the tumors was calculated by determining the area of CD31 ? cells versus the entire area of the section. In addition, the sections were imaged from end to end to obtain the vascular density for each image of the tumor as shown in Figure S7B . Using ImageJ, the degree of vascularization was calculated at a distance of 20, 40, 60, 80, and 100 % into the tumor (where 100 % was considered the center of the tumor).
Immunofluorescent analysis
The fixed and paraffin-embedded CT-26 control tumors (described above) were sectioned onto Superfrost ?/? slides. The tumor sections were then rehydrated followed by a heat-activated, sodium citrate antigen retrieval reagent (Vector Labs). The sections were blocked with 1 % goat serum (Life Technologies) in PBS for 30 min at room temperature and were then incubated with a primary monoclonal rat anti-CD31 antibody (1:20, HistoBioTech) and a primary polyclonal rabbit anti-CXCR4 antibody (1:500, Abcam) diluted in 1 % goat serum and 1 % BSA overnight at 4°C. The sections were washed several times with PBS and were then incubated for 1 h at room temperature with a secondary goat anti-rabbit 488-conjugated antibody (1:200, Invitrogen) and a secondary goat anti-rat 568-conjugated antibody (1:300, Invitrogen) diluted in 1 % goat serum and 1 % BSA in PBS. After extensive washing with PBS, the cell nuclei were stained by incubating the sections with DAPI (1 lg/mL, Sigma-Aldrich) for 5 min at room temperature. The sections were rinsed once with PBS, and each section was mounted with 40 lL of ProLong Gold Antifade reagent and a coverslip (Life Technologies). Fluorescent images of the sections were taken using an Olympus IX microscope at 10X and 40X, and the 40X images were analyzed for the co-expression of CXCR4 and CD31.
Statistical analyses
Researchers were blinded to experimental conditions prior to performing quantifications. All experiments were repeated at least three times with similar results. Data are presented as the mean ± SEM. A Student's t test was used to analyze the differences between the experimental groups. For comparisons involving three or more conditions and/or two independent time points, a two-way analysis of variance (ANOVA) with multiple comparisons was performed and the Tukey's HSD probability value was used to determine significance. Data were consider statistically significant when p \ 0.05.
Results
The CXCL12/CXCR4 signaling axis is required for sprouting angiogenesis Previously, in a proteomics analysis of stromal cell-derived factors that contribute to angiogenesis, we showed that pro-angiogenic fibroblasts make CXCL12, and that siRNAmediated knockdown of CXCL12 expression in fibroblasts significantly inhibited spouting in an in vitro angiogenesis assay [4] . In addition, others have identified CXCR4 as a gene enriched in ''tip cells''-the EC that lead emerging sprouts [5] . To confirm a role for CXCR4 in mediating the effects of CXCL12 in our system, we used the CXCR4 inhibitor AMD3100. This significantly blocked sprout formation (Fig. 1a, b) , confirming the importance of the CXCL12/CXCR4 signaling axis in angiogenic EC.
CXCL12 activates the CXCR4/PI3K/mTORC2 pathway in EC CXCL12 signal transduction has been defined for a variety of cell types, especially lymphocytes and cancer cells, in which CXCL12 utilizes PI3K to induce Akt phosphorylation. However, little is known about CXCL12 signaling in EC [6] . mTOR is known to be regulated by PI3K [19] , and so we hypothesized that CXCL12/CXCR4 activates the mTOR pathway in EC undergoing angiogenic sprouting. To test this, ECs were serum-starved and stimulated with CXCL12 alone or in combination with the CXCR4 inhibitor AMD3100, or the mTOR inhibitors rapamycin or PP242. The optimal dose and time of CXCL12 stimulation was determined prior to testing the inhibitors (Figs. S1a and b). Signaling through mTORC1 and mTORC2 can be distinguished by Western blot analysis using the downstream targets, S6RP (S240/244) for mTORC1 and Akt (S473) for mTORC2. We found that CXCL12 robustly activated mTORC2 (Fig. 1c) , but failed to elevate mTORC1 activity (Fig. S2) . Inhibition of CXCR4 with . a ECs were coated onto Cytodex beads and embedded in a fibrin gel. NHLFs were seeded on top of the gel, and 24 h after embedding, AMD3100 (1 lM) was added to the medium. DMSO was used as a vehicle control, and fresh inhibitor was added with each medium change. Beads were fixed at day 7 and imaged. Scale bar 150 lM. b The number of sprouts per bead was quantified. c-e Serum-starved ECs were stimulated with CXCL12 (50 ng/mL, 30 min) alone or after pretreatment with AMD3100 (1 lM, 1 h), rapamycin (100 nM, 24 h), PP242 (600 nM, 24 h), PIK-75 (500 nM, 1 h), TGX-221 (500 nM, 1 h), PI-103 (250 nM, 1 h), or Pertussis Toxin (100 ng/mL, 2 h). DMSO was used as a vehicle control. The level of Akt phosphorylation (S473) was determined by Western blot. b-actin was used as a loading control. The phosphobands were measured and normalized using ImageJ. The numbers below the blots indicate the level of phospho-Akt relative to the lowest expression (n = 3) AMD3100, or mTOR with PP242, blocked CXCL12-induced Akt activation (Fig. 1c) . To verify that the phosphorylation of Akt occurs through the activation of PI3K in EC, the cells were incubated with specific inhibitors of PI3K (PIK-75 (p110a) and TGX-221 (p110b)) or a dual PI3K/mTOR inhibitor (PI-103) prior to CXCL12 stimulation. In all cases, PI3K inhibition reduced CXCL12-induced Akt phosphorylation in EC (Fig. 1d) . CXCR4 is a G-protein-coupled receptor so we next investigated whether CXCL12-induced Akt phosphorylation required G-protein activation. Pretreatment with pertussis toxin, a G i protein inhibitor, abrogated CXCL12-induced Akt phosphorylation at S473, indicating that G i proteins are required for CXCL12-induced mTORC2 activation in EC (Fig. 1e) .
Inhibition of mTORC2 expression by siRNA inhibits angiogenesis in vitro
To further characterize the role of mTOR in angiogenesis, RNAi technology was utilized to knock down raptor and rictor, thereby selectively targeting mTORC1 and mTORC2, respectively. The siRNA targeting raptor downregulated raptor protein expression by *80 %, with no effect on rictor expression, while the rictor siRNA reduced the protein expression of rictor by *85 %, with no effect on raptor expression (Fig. S3) . siRNA-transfected ECs were then examined for their ability to undergo angiogenesis in vitro. The knockdown of mTORC1 had a very modest effect on EC sprouting, while in contrast, the knockdown of mTORC2 strongly inhibited sprouting (Fig. 2a) . This phenotype was similar to that seen with blockade of CXCR4 (Fig. 1a, b) . To validate these findings, we used an additional independent siRNA to both rictor and raptor and obtained identical results (Fig. S4) . As a further validation of our findings, we disrupted mTOR signal transduction using siRNAs that targeted other proteins important for each complex. mTORC1 signaling was disrupted using an siRNA targeting Rheb, which interacts with mTORC1 to enable its activation [20] . mTORC2 was disrupted by targeting Sin1, which is responsible for maintaining the integrity of mTORC2 [21] . Both Rheb and Sin1 siRNAs reduced target protein expression by approximately 70 %, with no effect on the nontarget gene (Figs. S5a and b) . The knockdown of Rheb (mTORC1) only mildly decreased EC sprouting, whereas Sin1 (mTORC2) knockdown resulted in a highly significant inhibition (Fig. 2b) . These data are entirely consistent with the findings obtained by knocking down raptor and rictor. Thus, using multiple independent siRNAs targeting the mTORC2 complex, we have confirmed our biochemical data showing that the CXCL12/CXCR4 signaling axis utilizes mTORC2 to stimulate angiogenesis in vitro.
Inhibition of mTORC2 activity blocks EC sprouting in vitro
To confirm that mTORC2 activity, in addition to expression, is required for EC sprouting, we used rapamycin. 
Rapamycin is an allosteric inhibitor of mTORC1, but has been shown to also inhibit mTORC2 at higher concentrations [22] . We found that in ECs treated with rapamycin for 24 h or more at concentrations at or lower than 0.01 pM, the phosphorylation of S6RP was significantly reduced, whereas Akt phosphorylation remained unchanged (Fig. S6) , which is consistent with inhibition of mTORC1 but not mTORC2. Increasing the concentration of rapamycin to 0.1 pM resulted in reduced S6RP and Akt phosphorylation (Fig. S6) , which is consistent with inhibiting both mTORC1 and mTORC2. These data established a range of concentrations of rapamycin for which mTORC1 could be selectively targeted in EC. We thus investigated the effects of these concentrations of rapamycin on sprouting (Fig. S6) . Rapamycin, at concentrations that only inhibit mTORC1, did not block EC sprouting (Fig. 3a, b) . However, when the dose of rapamycin was increased to 0.1 pM (a dose at which reductions in mTORC2 signaling can be observed), sprouting was decreased, and this reduction was further potentiated at higher doses (Fig. 3a,  b) . Importantly, we extended these findings to EC from a second source-human cardiac microvessels-where we obtained identical results (Figs. S7a and b) . Together, these data demonstrate that mTORC2 is downstream of CXCL12/CXCR4 and is a key regulator of angiogenic sprouting.
mTORC2 is required for CXCL12-induced invasion of EC into collagen gels
Angiogenesis is a multi-step process, and a key early step is the migration/invasion of EC into the surrounding extracellular matrix. To specifically assess the role of mTOR in CXCL12-induced EC invasion/migration, a 3D collagen gel invasion assay was performed. In control cultures, we observed robust invasion of ECs (Fig. 4a, b) . As expected, cells treated with the CXCR4 inhibitor AMD3100 failed to migrate (Fig. 4a, b) . In line with our findings on angiogenic sprouting, mTOR inhibition by rapamycin (at a dose high enough to block both complexes), or by PP242, blocked EC invasion in response to CXCL12 (Fig. 4a, b) . In addition, cell viability was assessed in the presence of the Fig. 3 Inhibiting mTORC2 signaling blocks angiogenic sprouting. a A fibrin bead sprouting assay was performed as described in Fig. 1 , and 24 h after embedding, the cells were treated with rapamycin as indicated, with DMSO used as a vehicle control. The inhibitor was replaced with each medium change, and the beads were fixed at day 7 for imaging. Scale bar 150 lM. b The number of sprouts per bead was quantified.
The error bars represent the SEM (***p \ 0.001). The experiment was repeated a minimum of three times with similar results mTOR inhibitors at these concentrations and was not significantly different compared to control-treated cells (Fig. S8) . To specifically assess the role of each of the mTOR complexes, raptor and rictor were knocked down and the ECs were analyzed for invasive ability. The knockdown of raptor (mTORC1) failed to block CXCL12-induced EC invasion, whereas the knockdown of rictor (mTORC2) significantly reduced EC invasion (Fig. 4c, d ). These data confirm that mTORC2 signal transduction is necessary for CXCL12-induced invasion/migration.
Inhibition of mTORC2 blocks tumor angiogenesis in vivo
Our data, to this point, demonstrate a critical role for mTORC2 during in vitro angiogenesis. To determine the effect of mTOR inhibition on angiogenesis in vivo, murine CT26 colon carcinoma cells were mixed with Matrigel and implanted into syngeneic BALB/c mice. Mice were randomized into control or treatment groups once their tumors reached a volume of 150 mm 3 . Mice then received either a low or high dose of rapamycin. For each of the drug treatment groups, a matched set of mice was used as the vehicle control. The lower dose of rapamycin was utilized to inhibit only mTORC1, and the higher dose was administered as a comparison to prevent signal transduction through both of the complexes. The tumors were harvested and first analyzed for the co-expression of the EC markers CD31 and CXCR4 in the control tumors by IF. The control tumors demonstrate a high degree of co-expression of these markers, indicating that the ECs within the tumors express CXCR4 and are susceptible to CXCL12 induction (Fig. S9) . Next, all of the harvested tumors were further analyzed for the expression of CD31 by immunohistochemistry. Control mice showed evidence of a large degree of vessel infiltration into the tumors (Fig. 5a, b) . In contrast, mice treated with the higher dose of rapamycin, blocking mTORC1 and mTORC2, showed a significant decrease in CD31
? staining. In sharp contrast, the lower dose of rapamycin, which only blocks mTORC1, failed to significantly decrease vessel density in the tumors (Fig. 5a, b) . As an additional measure of vessel infiltration, we analyzed each tumor image in sections to calculate the local vessel density from one side of the tumor to the other, as shown in Figure S10a . For each section of the tumors, there was only a significant decrease in the vessel density in the mice treated with the higher dose of rapamycin (Fig. S10b) . To verify that these doses of rapamycin inhibited mTOR signal transduction as predicted, Western blots were performed using the tumor lysates from a subset of the mice. Mice treated with a low dose of rapamycin showed loss of S6RP (S240/244) phosphorylation (consistent with mTORC1 inhibition) and maintenance of Akt (S473) phosphorylation (consistent with no mTORC2 inhibition). In contrast, mice treated with a higher dose exhibited loss of mTORC1 and mTORC2 signal transduction (Fig. 5c) . Tumor volume was also assessed over the course of the drug treatments, and mice treated with a higher dose of rapamycin had a significant decrease in tumor volume compared to the controls. In contrast, tumor volume was not significantly reduced by the lower dose of rapamycin (Fig. 5d) . These data support our in vitro findings and suggest that angiogenesis in the tumor setting requires mTORC2 signal transduction.
PFKFB3 functions downstream of mTORC2 and is required for angiogenesis
Finally, we wished to investigate potential downstream targets of mTORC2 that might be key regulators of angiogenesis. 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) regulates glycolytic flux and is known to be involved in EC sprouting [23] . We found that PFKFB3 protein expression is reduced in tumor tissue when mice are treated with a higher dose of rapamycin but not the lower dose of rapamycin (Fig. 6a) . These data suggest that , the mice were administered either a high or low dose of rapamycin (1.5 mg/kg or 0.5 lg/kg, respectively) or water as a control, delivered by intraperitoneal injection. Each group consisted of 5-6 mice, and all mice were treated daily for 10 days. Tumors were paraffin-embedded and sectioned, and ECs within the tumor sections were visualized by staining for CD31
? cells. Scale bar 150 lM. b The vascular density in the tumors was calculated using ImageJ by determining the area of
CD31
? cells relative to the entire area of the section. c Tumor tissue from the mice was collected and homogenized in lysis buffer. The tissue lysates were run on an SDS-PAGE gel, and a Western blot was performed. The membranes were probed for phospho-Akt (S473) and phospho-S6-RP (S240/244), and b-actin was used as a loading control. Bands were quantified using ImageJ, and the expression of phosphoprotein relative to the control mice is indicated below the blot. The images are all from the same blot and separated to present only the relevant treatment groups. d Tumor volume was monitored daily. Error bars represent the SEM *p \ 0.05 PFKFB3 is downstream of mTORC2 in vivo, and that this signaling axis may be required for tumor angiogenesis.
To further explore this concept, we utilized both pharmacological inhibition and siRNA targeting of PFKFB3. The PFKFB3 inhibitor 3PO significantly reduced sprouting in a dose-dependent manner (Fig. 6b) , and the knockdown of PFKFB3 by siRNA (Fig. S11) significantly reduced EC sprouting in the in vitro angiogenesis assay (Fig. 6c) . Together, these data identify a link between mTORC2 and PFKFB3 in the regulation of angiogenesis.
Discussion
Tumor-induced angiogenesis results from the activation of a number of signaling pathways in response to angiogenic factors secreted by stromal cells, tumor cells, and recruited pro-inflammatory monocytes [24] [25] [26] . With the limited success of anti-VEGF therapy in some cancers (e.g., primary colon), there is growing interest in identifying ''escape'' pathways that might drive angiogenesis [7] . Our data support the idea that the CXCL12/CXCR4 axis may be a pathway worthy of further analysis.
To date, there has been a paucity of information on the molecular mechanism of CXCL12/CXCR4 signal transduction in EC as most studies have focused on signal transduction in tumor cells [6, 12, 13] . mTORC2 is emerging as a central player in the promotion of cell migration via chemotactic receptors [16, [27] [28] [29] ; however, the molecular connections linking receptors to mTORC2 activation are poorly understood. Here, we propose a model for CXCL12-driven angiogenesis that utilizes mTORC2, but not mTORC1, as a key signaling nexus downstream of CXCR4 (Fig. 7) .
When ECs are stimulated with CXCL12, the phosphorylation of Akt at S473 is induced, but the phosphorylation Fig. 6 mTORC2 inhibition decreases the expression of PFKFB3. a Tumor tissue from the mice described in Fig. 5 was collected and homogenized in lysis buffer, and PFKFB3 expression was analyzed by Western blot. b-actin was used as a loading control. Bands were quantified using ImageJ, and intensities are indicated below the blot as PFKFB3 expression relative to the control mice. b A fibrin bead angiogenesis assay was performed as described above, and 24 h after embedding, the cells were treated with 3PO as indicated. DMSO was used as a vehicle control, and the inhibitor was replaced with each medium change. The beads were fixed at day 7, and the number of sprouts per bead was quantified. Scale bar 150 lM. c ECs were transfected with either control or PFKFB3 siRNA, and 24 h later, a fibrin bead angiogenic assay was performed. The beads were fixed at day 7 and imaged. of S6RP remains unchanged. This provided us with the initial evidence that there is a link between the CXCL12/ CXCR4 signaling axis and mTORC2. In EC, CXCL12-induced Akt phosphorylation can be blocked with AMD3100, which is a specific CXCR4 inhibitor, thus supporting the well-established finding that CXCR4 is the major CXC receptor expressed by EC and that CXCL12 is a key chemoattractant for EC [30] [31] [32] [33] . CXCL12 can also bind to the receptor CXCR7, but unlike CXCR4, which triggers calcium mobilization and chemotaxis in response to CXCL12, CXCR7 does not efficiently mediate these events [34, 35] . Indeed, CXCR7-mediated cellular responses to CXCL12 are not well characterized and it retains its designation as an atypical chemokine receptor [36] . It would be of interest to assess the effect of CXCR7 blockade to determine whether this receptor also contributes to CXCL12-induced activation of mTORC2 and the subsequent angiogenic responses in EC, although presumably it would act redundantly.
One of the initial steps leading to the activation of Akt involves PI3K, which via phosphatidylinositol 3,4,5-trisphosphate (PIP3) recruits PDK1 and Akt to the cell membrane [9] . PIP3 has been shown to directly stimulate the kinase activity of mTORC2 [37] . We show that the blockade of PI3K using inhibitors of p110a, p110b, or a dual PI3K/mTOR inhibitor reduces CXCL12-induced Akt phosphorylation, with p110a inhibition having a greater effect than p110b inhibition. In addition, pretreatment with pertussis toxin, a G i protein inhibitor, abolished the activation of Akt at S473 induced by CXCL12. This is in line with reports in T lymphocytes and gastric cancer cells showing that G i protein is required for CXCL12-induced activation of PI3K and Akt at S473 [12, 38] . Taken together, these findings provide mechanistic insight into how CXCL12/CXCR4 signals to mTORC2 in EC (Fig. 7) .
Previously, mTORC2 was found to form a complex with P-Rex1 [15] , a RhoGEF that is critical for cell migration and angiogenesis in response to CXCL12 signaling [14] . These findings suggested a possible connection between mTORC2 and angiogenic signaling downstream of CXCR4. Indeed, we present several lines of evidence that mTORC2 is critical for angiogenesis. Disrupting mTORC2 by knocking down either rictor or Sin1 abrogated angiogenic sprouting to the same degree that blockade of CXCR4 did. In addition, similar disruption of mTORC2 blocked the ability of EC to invade a 3D collagen matrix in response to CXCL12. Finally, we were able to block angiogenic sprouting using a dose of rapamycin that targets both mTORC1 and mTORC2, but could not inhibit sprouting using a dose of rapamycin that only blocks mTORC1 signaling.
In line with our in vitro data, inhibiting mTORC1 alone is not sufficient to block tumor angiogenesis or inhibit tumor growth in vivo. These processes are only significantly inhibited when mTORC2/Akt is blocked. Several studies have identified prolonged Akt phosphorylation as an important factor contributing to pathological angiogenesis that can be inhibited by higher doses of rapamycin [39, 40] , doses that are effective at blocking mTORC2. In addition, our in vivo data are supported by evidence from the treatment for renal cell carcinoma, which is a highly vascular neoplasm that is often treated with rapamycin analogs (rapalogs) [41] . The rapalogs improve overall survival or progression-free survival time, which is mediated primarily through the inhibition of mTORC1 [42] , but these benefits are only observed in a minority of patients [43] . In fact, the responses are not long lasting and most of the patients experience progression of the disease while on the treatment [42] . One mechanism proposed to drive this resistance is the lack of mTORC2 inhibition [44] . Thus, the clinical importance of targeting mTORC2 with either prolonged or increased concentrations of rapamycin is now being highlighted [43] . Taken together, the data from both our in vitro and our in vivo studies identify a novel mechanism that links CXCL12/CXCR4 signaling with angiogenesis through mTORC2.
The next step in understanding the molecular mechanism of how mTORC2 participates in regulating angiogenesis is to examine targets downstream of Akt. mTORC2 fully activates Akt by phosphorylating S473, leading to increased expression of glucose transporters, the Fig. 7 CXCL12/CXCR4 signal transduction in EC is mTORC2-dependent. The activation of CXCR4 on EC by CXCL12 initiates G-protein signaling leading to PI3K activation, which then triggers mTORC2 to phosphorylate Akt at S473. CXCL12 stimulation does not potentiate signal transduction downstream of mTOR1. The disruption or inhibition of mTORC2 blocks angiogenesis both in vitro and in vivo. Inhibition of mTORC2 in vivo reduces the expression of PFKFB3 placing this metabolic regulator downstream of the mTORC2 signaling cascade and designates these targets as key regulators of angiogenesis phosphorylation, and activation of hexokinase 2 to mediate the first step of glycolysis, and the allosteric activation of 6-phosphofructo-1-kinase (PFK-1) [45] [46] [47] . During glycolysis, the conversion of fructose-6-phosphate (F6P) to fructose-1,6-bisphosphate (F1,6P 2 ) by PFK-1 is one of the rate-limiting steps of glycolytic flux. 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) synthesizes fructose-2,6-bisphosphate (F2,6P 2 ), which is an allosteric activator of PFK-1 and the most potent stimulator of glycolysis [48] . PFKFB3 is activated by Akt [49] and more recently was shown to be a key regulator of angiogenesis [23, 50] . Thus, PFKFB3 has been considered a likely candidate for regulation downstream of mTORC2. We confirmed that PFKFB3 was important for angiogenic sprouting in vitro, and our data indicate that PFKFB3 expression is reduced in vivo when mice are treated with rapamycin at a dose that inhibits both mTORC1 and mTORC2, but not when the dose only blocks mTORC1 signaling, which suggests a potential link between mTORC2 signaling and the regulation of glycolysis through PFKFB3. Future studies will explore this link further.
Until now, the details of downstream CXCL12/CXCR4 signaling in EC and signaling upstream of mTORC2 in EC have remained elusive. We present a model that unifies these two pathways, with CXCL12/CXCR4 signaling directly activating mTORC2 in EC (Fig. 7) . One of the key features of this pathway is that the signal transduction is not occurring through mTORC1. This is important for vascular and cancer biology as we show that to significantly block angiogenesis, mTORC2 signaling must be abrogated. This signaling cascade seems to be unique to the EC as tumor cells stimulated with CXCL12 activate both mTOR complexes [12, 13, 51] . Indeed, recent evidence also shows that ECs rely more heavily on the mTORC2 signaling node for VEGF-mediated angiogenesis when compared with mTORC1 [52] . The findings presented here offer the exciting possibility that a chemotactic signal from the tumor microenvironment can trigger mTORC2 activation in EC leading to enhanced angiogenesis. This pathway may therefore contribute to ''escape'' pathways for tumor EC in patients receiving anti-VEGF therapy.
All applicable international, national, and/or institutional guidelines for the care and use of animals were followed. All procedures performed in studies involving animals were in accordance with the ethical standards of the institution or practice at which the studies were conducted.
